We study the enrichment histories for nine elements, C, four α-elements of Mg, Si, Ca, and Ti, Sc, and three iron-peak elements of Co, Ni, and Zn, by using a large number of stellar data, collected by the Stellar Abundances for Galactic Archaeology (SAGA) database. We find statistically significant changes, or breaks, of the mean abundance ratios to iron at three metallicities of [Fe/H] ≃ −1.8, −2.2, and −3.3. Across the first one, the mean abundance ratios decrease with the metallicity by similar extents for all the elements with the sufficient data. Across the latter two, downward trends with the metallicity are also detected but for limited elements, C, Co, Zn, and possibly Sc, and for two of Co and Zn, respectively. The breaks define four stellar populations with the different abundance patters which are dominant in each metallicity range divided by the breaks, Pop IIa, IIb, IIc, and IId in order of increasing metallicity. We also explore their spatial distributions with the spectroscopic distances to demonstrate that Pops IIa and IIb spread over the Galactic halo while Pops IIc and IId are observed near the Galactic plane. In particular, Pop IIc stars emerge around [Fe/H] ≃ −2.6 and coexist with Pop IIb stars, segregated by the spatial distributions. Our results reveal two distinct modes of star formation during the early stages of Galaxy formation, which are associated with the variations of IMF and the spatial distribution of remnant low-mass stars. For the two lower-metallicity populations, the enhancements of Zn and Co indicate a highmass and top-heavy IMF together with the statistics on the carbon-enhanced stars. For the two higher-metallicity populations, on the other hand, the difference in the abundance patterns is attributable to the delayed contribution of SNe Ia, indicative of a low-mass IMF and the specific star formation rate comparable to the present-day Galactic disk. We discuss the relevance to the kinematically resolved structures of the Galactic halo and the possible sites of these populations within the framework of hierarchical structure formation scenario.
INTRODUCTION
During past decades, a large number of extremely metal-poor (EMP) stars with the metallicity well below the lowest metallicity of globular clusters ([Fe/H] < ∼ − 2.5) have been discovered in the Galactic halo thanks to large-scaled HK and HES surveys . These stars should have been born out of gas polluted by the ejecta of the first and subsequent supernovae ⋆ E-mail:yamada@astro1.sci.hokudai.ac.jp and survive to date because of low-masses (M < ∼ 0.8 M⊙). Their surface abundances, unveiled by high-dispersion spectroscopic observations, may carry imprints of the nucleosynthesis and metalenrichment process during the formation of the Galactic halo and serve as a probe into the structure formation in the early Universe.
The Stellar Abundances for Galactic Archaeology (SAGA) database (http://saga.sci.hokudai.ac.jp/) assembles the abundance data and other stellar parameters, aiming at covering all the papers dealing with stars of [Fe/H] ≤ −2.5, published since 2000 and some traced back to 1994 (Suda et al. 2008 (Suda et al. , 2011 , referred to as Papers I and II, respectively, in the following). It enables to explore the attributes of EMP and metal-poor stars through the statistical analyses of a large sample of stars, observed to date. In Paper II, we discuss the overall characteristics of abundance peculiarities of EMP stars related to the internal and external elemental pollution including the carbon enhancement. In this paper, we investigate detailed histories of chemical enrichment for elements as many as possible by using the abundances and other stellar parameters, to reveal the nucleosynthetic processes and sites in the early stage of the Galaxy formation.
The enrichment histories of elements are connected to the star formation rate (SFR) and the initial mass function (IMF), coupled with the mass and metallicity dependences of the lifetimes and nucleosynthetic yields of supernovae (SNe). The SFR may influence the element enrichment through the difference in the lifetimes of progenitors to SNe. The core-collapsed SNe (CCSNe) enrich the interstellar medium with most of metals as well as iron in timescales of ∼ 10 Myr or so, while Type Ia SNe dominantly eject iron in much longer timescales typically of ∼ 1 Gyr. Accordingly, Type Ia SNe lag behind CCSNe and may bring about a decrease in the abundance ratio of metals to iron (e.g., Matteucci & Brocato 1990; Matteucci et al. 2003; Tsujimoto et al. 1995) . It is reported that stars exhibit decrease in the abundance ratios of α-elements to iron around [Fe/H] > ∼ − 2 for dwarf spheroidal (dSph) galaxies (e.g., see Tolstoy et al. 2009; Kirby et al. 2011) , which is interpreted to mean that these systems achieve the metal-enrichments after Type Ia SNe have contributed to the chemical evolution. The time lag of Type Ia SNe behind CCSNe may introduce the timescale to the metal-enrichment histories, as well known.
As for the IMF of EMP stars, constraint is discussed from the statistics of carbon enhanced stars in the Galactic halo (Lucatello et al. 2005; Komiya et al. 2007 ), based on the binary scenario for their origin (Suda et al. 2004 , also see Suda et al 2013) . Komiya et al. (2007) deduce high-mass IMF with typical mass, M md ≃ 10 M⊙, applying the theoretical results on the elemental mixing and nucleosynthesis during helium flashes, peculiar to EMP stars Hollowell et al. 1990; Fujimoto et al. 2000; . Furthermore, the same conclusion is derived from the scarcity of EMP stars, detected by HK and HES surveys (Komiya et al. 2009a) . If the high-mass IMF is the case for EMP stars, there should be transition to low-mass IMF such as observed for stars of younger populations during the Galaxy halo formation (see Paper II). The IMF change should have left imprints of nucleosynthetic signatures on the surface abundances that stem from the dependence of SN yields on the progenitor mass.
The chemical enrichment of Galactic halo has been studied by many authors. As for α-elements, a trend of the abundance ratio to iron, [α/Fe] , decreasing with the metallicity is asserted (e.g., Stephens & Boesgaard 2002; Gratton et al. 2003; Zhang et al. 2009 ), which is claimed as indicative that the IMF is not invariant in time (Stephens & Boesgaard 2002) . Recently, Ishigaki et al. (2012) discuss a decrease of [α/Fe] between [Fe/H] ≃ −2.5 and −2, while others deem it nearly constant (e.g., Nissen et al. 1994; Clementini et al. 1999; Cayrel et al. 2004) . Nissen et al. (2010) Ruchti et al. 2010 Ruchti et al. , 2011 , which is interpreted as the consequence of CCSNe preceding Type Ia SNe. Among the iron-peak elements, Zn and Co are known to exhibit intriguing behaviors, different from other elements. A trend of their abundances increasing relative to iron monotonically for lower metallicity is asserted (Ryan et al. 1996; Mcwilliam et al. 1995; Primas et al. 2000; Johnson 2002; Cayrel et al. 2004; Takeda et al. 2005; Saito et al. 2009; Bergemann et al. 2010; Honda et al. 2011) . On the other hand, discontinuous change in [Zn/Fe] around [Fe/H] ≃ −2 is pointed out (Nissen et al. , 2007 .
The understanding of element enrichments is yet to be properly established, in particular with relation to SFR and IMF. More extensive and systematic studies are necessary to draw a consistent picture on the chemical enrichment histories. The previous studies are prone to suffer from small number statistics, which prevents from deriving reliable results. The SAGA database, on the other hand, possesses larger sample data by more than an order of magnitude and we may rely on statistics to analyze the characteristics of stellar abundances. As assembled from various papers, the data are liable to systematic errors and/or selection biases among different authors, so that we have to proper attention to their possible effects in discussing the characteristics of collected abundances. In this paper, we focus on the differential variations between the sample stars in the adjacent narrow metallicity ranges and, if necessary, may restrict the comparisons to stars of similar properties in an attempt to minimize the influences. Considering possible non-linear nature of enrichments, we apply the Welch's t-test to inspect the difference in the mean abundance ratios to iron, which is also suitable to deal with the combined data from many works. Furthermore, we take into account the spatial distributions of sample stars, provided by the SAGA database, and explore the structural characteristics of the enrichment processes. Our main interest is to gain insights into SFR, IMF and SN nucleosynthesis during the formation and early evolution of the Galaxy by tracing the variations in the element enrichments, embedded in the assembly of observed data.
The paper is organized as follows. In §2, we describe the selection of target elements among the sample data in the SAGA database and present the results of analysis of the enrichment histories by applying the Welch's t-test to selected elements. In §3, the global features of element enrichment are summarized to formulate four stellar populations with different abundance patterns that constitute the sample stars. In §4, we investigate the spatial distributions of sample stars and the structural characteristics of these populations. The results are discussed in §5 in relation to the origins and transitions of four populations and the implications to the formation processes of the Galaxy. Conclusions follow.
ANALYSIS OF ENRICHMENT HISTORIES
In this section, we study the enrichment histories that each element may have by utilizing the SAGA database (Oct. 31, 2010 version) . It resisters 1386 Galactic halo stars in total, taken from 158 papers which include at least a star of [Fe/H] ≤ −2.5, and contains 23,775 independent reports on the abundances if the data for the same objects but from different papers are counted separately.
It is known that the enrichment histories differ among elements (e.g., Cayrel et al. 2004 ) and may be classified according to the variations of their abundances relative to iron. In Paper II, we show that the elements are sorted into four groups through the linear fit to the relationship between the abundances of element and iron among the sample stars of [Fe/H] < −1; three groups with the tendency of the abundance ratio to iron (i) increasing, (ii) re- a (4-8th columns) Both carbon-enhanced and carbon-depleted stars (see text for their definition) are removed from the sample of Li, C, N, Na, and Al, and carbon-enhanced stars from the sample of α-elements (O -Ti), Sc and neutron capture elements (Sr -Eu), denoted by † and * , respectively. In addition, excluded are the outliers with the enhancements that deviate from the mean by more than 3σ (see Appendix A for detail) and the blue metal-poor stars by Preston et al. (2000) b RGB and MS denote giants and dwarfs divided by the surface gravity of log g( dyn g −1 ) = 3.5, and the last two columns are sorted by the height, |Z|, from the Galactic plane, where some stars are doubly counted because of the scatters of data. c The abundance data by [OI] , OI triplet and OH lines, respectively. d Figures in parenthesis represent the numbers of stars with the abundance data of T eff ≤ 5800 K for Si, with the dwarfs of [Fe/H] < −2.3 excluded for Ti II, with the Cr II and Mn II abundances, and with Zn abundances studied by Saito et al. (2009 ), Nissen et al. (2007 , Johnson (2002) , and Mishenina et al. (2002) , respectively. maining nearly constant, and (iii) decreasing toward lower metallicity, respectively, and (iv) another group of neutron-capture elements heavier than iron (see Fig. 15 and Table 2 in Paper II). The former three groups include (i) carbon, oxygen, two iron-peak elements (Co and Zn), (ii) α-elements (Mg, Si, Ca, Ti), two odd atomic number elements (Sc and V) in between the α-and iron-peak elements, an iron-peak element (Ni) and (iii) other iron-peak elements (Cr, Mn and Cu), respectively. In the following, we call the abundance ratio to iron, [X/Fe], "enhancement" for convenience' sake and distinguish it from the abundance ratio to hydrogen, [X/H].
In this paper, we study the variations of the mean enhancements with the metallicity by applying the Welch's t-test to examine the statistical significance of the variations between the sample stars in two adjacent metallicity ranges. We work on the LTE abundances and try not to consider the NLTE and 3D corrections in order to use the homogenized data; the latter effects may have the dependences on metallicity and other parameters (e.g., see Asplund 2005a) , and yet, we can reduce their influences by restricting the comparison to the sample stars within narrow metallicity ranges and of similar properties. We also consider the resolution of spectroscopic observations since the abundance data by low-resolution spectroscopy are subject to larger errors.
We select the objects of analysis as follows. We exclude the stars whose surface abundances may have suffered modifications after birth through the internal mixing and nuclear burning and/or through the external pollution such as wind accretion from primary AGB stars in binary systems (e.g., Suda et al. 2004; Komiya et al. 2007, Paper II) . In particular, we remove the carbon-enhanced stars from the sample stars for the elements that may be affected by the nucleosynthesis in AGB stars. Also excluded are the outliers with the abundances that deviate by more than 3 σ from the mean enhancements among the sample stars in the same metallicity range.
The result of sample selections are summarized in Table 1 for the elements with more than 100 abundance data by high-resolution spectroscopy of R > 20, 000. Among them, O, V, Cr, and Mn are hard to draw any statistically significant consequences because of the discrepancies in the abundance determination from different lines, as discussed in Appendix C. We will not deal with the odd atomic number elements, Li, Na, and Al, either since their synthetic processes are thought to be subject to 'extra' mixing other than the thermal convection in the interior of stars. The discussion of neutron capture elements is deferred to a forthcoming paper since they owe the enrichment not only to r-process nucleosynthesis during supernovae and other explosive events but also to s-process nucleosynthesis in AGB stars. Consequently, we perform the detailed analysis for 9 elements, C, four α-elements of Mg, Si, Ca, and Ti, an odd element, Sc, in between the α-and iron-peak elements, three iron-peak elements of Co, Ni, and Zn.
The enrichment histories and the result of Welch's t-test are shown against the metallicity in Figure 1 for all the elements selected. Upper section of each panel presents the variation of mean enhancement for the sample stars in the metallicity bin of 0.3 dex width in [Fe/H] together with the enhancements of individual sample stars. It exhibits overall tendencies of mean enhancements increasing toward lower metallicity or remaining nearly flat, as stated above. In addition, there are undulations superposed, whether real features inherent in the element enrichment or artifacts originating from the observation errors, especially the selection bias and/or systematic errors among the data taken from different authors.
Lower section presents the statistical t-values of the Welch's t-test for the sample stars in two metallicity sections on either side with the bin widths of 0.3 and 0.4 dex along with the critical t-values, t2σ and t3σ, corresponding to the statistical significance of 2σ and 3σ levels. It reveals that rather steep variations, or breaks, in the mean enhancement occur across three metallicities of [Fe/H] ≃ −1.8, -2.2, and −3.3 -− 3.2 with the statistical significance of 2σ and even 3σ levels. These breaks are found at the same metallicity within the errors for multiple elements, and in particular the first one for all the elements with the sufficient abundance data in the relevant metallicity ranges. Between or outside the breaks, the sample stars are regarded as having the same, or slowly varying, mean enhancements within the error bars. In the following, we refer to four metallicity divisions, separated by these three breaks, as "metal-poor" (mp), "very metal-poor" (vmp), "extremely metal-poor" (emp) and "ultra metal-poor" (ump) divisions in order of decreasing metallicity. In this paper, we use lower cases for acronyms since the metallicity ranges slightly differ from those proposed by .
We below describe the characteristics of enrichment histories and the occurrence of the breaks for three typical elements, carbon, magnesium of α-elements, and zinc among the iron-peak elements. The other elements are discussed in Appendix B.
Carbon
It is known that a considerable fraction of EMP stars display the enhancement of carbon, affected by the mass transfer and/or the wind accretion from AGB stars in binary systems (Rossi et al. 1999; Fujimoto et al. 2000; Suda et al. 2004; Lucatello et al. 2005; Komiya et al. 2007 ). In addition, some of EMP giants exhibit carbon depletion with nitrogen enhancement (mixed stars, Spite et al. 2005) , which is indicative of the internal mixing of matter processed via CN cycles along with the fact that [C/Fe] decreases as stars ascend the RGB (e.g., Cohen et al. 2006; Lai et al. 2008 ). These peculiar stars are also observed among stars of heigher metallicity. Here we deal only with the stars of "normal" carbon abundances, which are thought to be free from the modifications of surface abundances after birth. As the criterion of carbon en- The enrichment history for 411 carbon-normal stars, registered in the SAGA database in the range of [Fe/H] < −1 is shown in Fig. 1 (top-left panel) . The mean enhancement remains nearly flat with [C/Fe]m ≃ 0.3 for [Fe/H] < ∼ − 2.3. Then, it starts to decline abruptly for higher metallicity and keeps decreasing at varying rates until gradually settling in nearly flat level with
∼ − 1.6. The Welch's t-test shows that the statistical t-values exceed t2σ, or even t3σ, over a rather wide range of metallicity around [Fe/H] ≃ −2 both for the bin widths of 0.3 and 0.4 dex. The results indicate that the null hypothesis that the sample stars have the same mean enhancement in two adjacent metallicity bins is rejected, by statistical significance levels more than 2σ and 3σ, i.e., there should be variations in [C/Fe]m across these metallicity ranges. In generally, the statistical t-value tends to be larger for larger bin width since the sample variance reduces with the number of sample stars. In actuality, for the 0.4 dex bin width, it displays a broader peak of t > 3σ over [Fe/H] = −2.2 -− 1.9 and a shoulder of t > t2σ extends up to [Fe/H] = −1.6. For the 0.3 dex bin width, on the other hand, it develops a tendency that the peak and shoulder are decomposed into two peaks, centered at [Fe/H] ≃ −2.2 and −1.8, respectively. For still smaller the 0.2 bin width, the Welch's t-test keeps the same tendency with the notch in the middle. This implies a change in the decline rate, or an intervening constant part, of mean enhancement in between these metallicities. Outside this metallicity range, the statistical t-value sharply drops and remains very small without an apparent dependence on the bin width. That is, the Welch's t-test fails to reject the null hypothesis, indicative that [C/Fe]m between the adjacent metallicity bins remains same within errors over the corresponding metallicity range. We perform the same analysis for 204 carbon-normal stars with the abundances, measured by high dispersion spectroscopy of resolution R > 20, 000 to find basically the same results.
The above result suggests that precipitous changes, or breaks, of the mean enhancement of carbon occur across the metallicity, centered at [Fe/H] = −2.2 and −1.8, respectively. Figure 2 compares the distributions of [C/Fe] in three metallicity ranges, divided by these breaks. Here we include both the carbon-enhanced and deficient stars, and yet, the carbon-normal stars stand out clearly against them, and are well fitted by Gaussian curves. There are obvious shifts of the distributions toward smaller [C/Fe] as the metallicity increases while the scatters are kept nearly similar (see Table 2 below). Accordingly we can consider that the sample stars in these three divisions possess separate distributions of carbon enhancement, and in particular, that the distribution in the middle range is neither a superposition nor continuous change between those of two metallicity ranges on both sides.
In the assembly of the SAGA database, there is selection bias between the spectroscopic studies which owe their targets to HK and HES surveys and those which rely upon the other means such as near-by high velocity stars for the target selection; the former show a preference for EMP stars On the other hand, some works cover a wider metallicity range. Barklem et al. (2005) provide the carbon abundances over the metallicity range of −3.4 < ∼ [Fe/H] < ∼ − 1.5, though with the moderate resolution of R = 20, 000, which account for 43 % of all the sample stars with the carbon abundances measured. Figure 3 (left panel) shows their abundance data for the giants, which are defined by the surface gravity of log g ≤ 3.5 and the effective temperature T eff < 6000 K (see Paper I). The statistical t-value peaks at [Fe/H] = −2.2 nearly by 2σ significance level despite large observation errors. This fact suggests that the origin of the variation across [Fe/H] ≃ −2.2 is not the systematic errors between the works biased toward EMP stars and toward stars of higher metallicity, mentioned above. As for the variation across [Fe/H] = −1.8, the number of their data in mp division is too small to give any statistically significant result. Akerman et al. (2004) also derive the carbon abundances for 28 dwarfs stars in [Fe/H] < −1, distributed more or less evenly over the metallicity from emp through mp divisions; we define dwarfs by the surface gravity of log g > 3.5 (see Paper I). Their data follow the trend of [C/Fe]m increasing for lower metallicity, and the Welch's t-test confirms the break at [Fe/H] ≃ −1.8 by 2σ significance level despite the small sample size. We check the enrichment history for dwarfs, as shown in Figure 3 (right panel).
Here we deal only with the abundances, measured by high resolution spectroscopy of R > 20, 000, almost all from Gratton et al. (2000) and Simmerer et al. (2004) in addition to Akerman et al. (2004) . The Welch's t-test shows the upturn across [Fe/H] = −1.8 with the statistical significance of 3σ. It is true that there are considerable differences in their abundance data, but the variations in the mean enhancement between mp and vmp divisions result consistent with each other within the errors. This evidences that systematic offsets among different authors are canceled out in the differential variations as long as the data from each author distribute more or less evenly over the adjacent metallicity bins.
In this figure 4. This ascent may be related to the trend, argued by Asplund (2005a) for dwarfs, that the 1D analyses of carbon abundances from the CH molecular band gives larger abundances than those with the 3D effect. The 3D correction is more important in lower metallicities, increasing by ∼ 0.2 dex between [Fe/H] = −2 and −3 (Asplund 2005b) . In fact, the fraction of dwarfs with the carbon abundances from the CH molecular band amounts to about a half among the sample stars with [Fe/H] < −2.4. Such ascent is not discernible in Fig. 1 , however, where giants dominate over the sample stars in emp division (∼ 75%). This may point to the difference in the 3D effect between giants and dwarfs; in fact, Bonifacio et al. (2009) and Lai et al. (2008) report the enhancements larger by ∼ 0.2 dex or more for dwarfs than for giants.
Magnesium and the α-elements
As for the α-elements, the SAGA database collects the abundance data, measured by the high-resolution spectroscopy of resolution R > 20, 000 for ∼ 300 or more stars of [Fe/H] < −1 without the carbon enhancement (see Table 1 ). Such a large number of data warrant the detailed examination with the use of these highresolution abundances only. In the following analyses, we exclude outliers with peculiar abundances as well as blue metal-poor stars from Preston et al. (2000) (see Appendix A for details).
The mean enhancement of Mg (top-middle panel in more or less evenly on either side of metallicity and between giants and dwarfs (Fulbright 2000; Johnson 2002; Stephens & Boesgaard 2002; Gratton et al. 2003; Jonsell et al. 2005) , so that the break is unlikely to be influenced by possible systematic errors among different authors.
For [Fe/H] > ∼ −1.5, we see an upward trend of [Mg/Fe]m for higher metallicity, where the Welch's t-test gives the next largest statistical t-values. This is influenced by the data from Gratton et al. (2003) , which are systematically higher than those from others, probably due to the different oscillator strengths adopted, as stated in the paper. Removing their data largely alleviates the upward trend, as shown by thick dotted line, but note that the upward trend exists among their own data. There is another feature around 
Zinc and the iron-peak elements
Among the three iron-peak elements in Fig. 1 , Ni and two others, Co and Zn, exhibit different behaviors. The former shares the features with the α-elements (see Appendix B6). On the other hand, the latter two display distinctive behaviors, i.e., the greatest ascent of mean enhancement for lower metallicity and an additional break at the lowest metallicity. Thus, Zn is endowed with all the three breaks that we find, while Co lacks the highest metallicity break through the scarcity of data in mp division (see Appendix B5).
In the enrichment history for Zn in Fig. 1 , we may recognize such features as pointed out by the previous works, i.e., overall increase for lower metallicity and discontinuous change around [Fe/H] ≃ −2, as mentioned in §1. The mean enhancement increases from [Zn/Fe]m ≃ 0.0 at [Fe/H] ≃ −1.7 to 0.5 at the lowest metallicity, which is almost the same as Co. And yet, the increase is not constant and nearly flat parts are discernible midway, as is also the case for Co. Indeed, the Welch's t-test reveals three peaks of statistical t-value reaching to t2σ for the 0.3 dex bin width. The depression of statistical t-value between the two metal-rich peaks at [Fe/H] = −1.8 and −2.2 grows deeper for smaller bin width, indicative of the in-between flat distribution of mean enhancement, as in the case for carbon. The lowest metallicity break takes place at [Fe/H] = −3.2, almost the same metallicity, but slightly smaller than [Fe/H] = −3.3 for Co, the difference of which will be discussed below in § 4.2. In this connection, it should be noted that an upturn of [Zn/Fe]m for [Fe/H] < −2.8 is an artifact of observational bias. In the sample stars, the Zn abundances are mostly bounded by [Zn/H] > ∼ − 2.9 (dotted line in Fig. 1 ) except for Cayrel et al. (2004) , who observe down to [Zn/H] ≃ −3.5. The scarcity of data below this abundance gives rise to a superficial increase of the mean enhancement for lower metallicity when averaged over a given metallicity bin.
For Zn, several works cover a fairly large number of sample stars, distributed more or less evenly in a wide range of [Fe/H] ≃ −3 -− 1 (Johnson 2002; Mishenina et al. 2002; Nissen et al. 2007; Saito et al. 2009 , see Table 1 ). We examine the enrichment history for the data from these works only in order to minimize possible effects of systematic errors among different authors. Figure 4 shows the results for giants and dwarfs separately. Giants show basically the same step-wise distribution of mean enhancements as in Fig. 1 ; the statistical t-values have two peaks at nearly the same metallicities of [Fe/H] = −1.8 and −2.3, though the statistical significance is lower because of smaller sample size. In contrast, the mean enhancement of dwarfs present only the feature at [Fe/H] ≃ −1.8 and remain nearly flat down to [Fe/H] ≃ −2.7. We return to the absence of break at [Fe/H] ≃ −2.2 for dwarfs and also to the slightly lower break metallicity and mean enhancement in emp division for giants when discussing the spatial distributions in § 4
The results indicate that the variation of mean enrichment is not steady nor continuous but a term of constant or slowly changing [Zn/Fe]m is replaced by another one at the breaks. Thence, we may assume step-wise variations with sharp differences in narrow metallicity ranges across the three break metallicities, as discussed for C above. The similar step-function like change is seen in Fig. 4 of Saito et al. (2009) 
OVERALL PICTURE OF ENRICHMENT HISTORY

Four stellar populations of different abundance patterns
We have revealed the sharp variations, or breaks, of mean enhancements across three metallicities with the statistical significance of 2σ level or more among the sample stars. The breaks occur for multiple elements and the metallicities coincide within the errors. Furthermore, the presence or absence of breaks is common to the elements that share the nucleosynthetic characteristics but not the atomic properties. These facts make it unlikely that the breaks happen to be caused by the selection bias and/or systematic errors, possibly involved in the assembly of data from the different authors.
From the Welch's t-test, we may also regard the mean enhancement as constant between and outside the breaks. Table 2 lists the average enhancements, [X/Fe]ave, of sample stars in the four metallicity divisions, partitioned by the breaks, for all the elements studied. The break metallicities are set at [Fe/H] = −1.8, −2.2 and −3.3, the last one from Co (see below in § 4.2). These averages define the abundance patterns for the stellar populations that dominate over the sample stars in each metallicity division. We call the stars with these abundance patterns, Pop IIa, Pop IIb, Pop IIc and Pop IId, in order of increasing metallicity. The variations of average enhancements are all downturns for higher metallicity but different in their characteristics as shown in Figure 5 . The break at [Fe/H] = −1.8 is detected for all the elements except for Co and Sc which lack the data in mp division. In addition, the rates of variation agree within the errors to give the weighted average, ∆[X/Fe]ave = 0.08 ± 0.04. Accordingly the decline in the mean enhancement is readily explained in terms of an increase in the Fe yield rather than the decreases of all other elements by almost the same ratio to iron. In contrast, the variations of [X/Fe]ave across the other two breaks differ from elements to elements. For the break at [Fe/H] = −2.2, the variations are observed for C, two iron-peak elements, Co and Zn, and possibly Sc, but not for all the α-elements and an iron-peak element Ni. For the most metal-poor break at [Fe/H] = −3.3, only Co and Zn display the statistically significant differences. Accordingly, the four populations have one-to-one correspondence to the average enhancements of Zn and probably of Co; the very high ([Zn/Fe]ave = 0.44), high (0.22), low (0.09), and very low (0.00) for Pops IIa, IIb, IIc, and IId, respectively (see §4.2. In contrast, there is only one break for α-elements and Ni. Such a diversity of variations among the elements suggests different mechanisms of breaks, as discussed later in § 5.
Variations in the scatters of enhancement distributions
In Table 2 , we also show the standard deviation, σ, of the Gaussian fit to the distribution of enhancements in each metallicity division, as shown in Fig. 2 for carbon. The scatters of the distribution are directly affected by systematic errors among the different authors if exist, and yet, they have some interesting statistical trends which may also carry information on the supernova yields.
Between vmp and mp divisions, the scatters remain unchanged within errors for all the elements despite the peak shifts. In particular, the heavier elements from Ca through the iron-peak elements display a rather narrow distribution with the scatters as small as typical observation errors. It makes a contrast with the three lighter elements, C, Mg, and Si, which have much larger scatters. These elements are distinguished in that the latter are synthesized during the quasi-static evolution and form the shells outside the iron core prior to SN explosions, whereas the former are synthesized only in the iron core. Accordingly, the larger scatters of three lighter elements may be related to the variations in the amount of these elements that preexist outside the iron core and can be saved from the processing by explosive burning.
For emp/ump divisions, there is a general tendency of the scatters increasing for lower metallicity, possibly due to larger observational and/or systematic errors among the authors. We note, however, that the increase from vmp to emp division is larger for the elements with the peak shift, except for C which has sufficiently large scatter already in vmp division. This suggests that the peak shift correlats with the variation of scatter between emp and vmp divisions, differently from between vmp and mp divisions.
CORRELATION WITH SPATIAL DISTRIBUTIONS
Spatial distribution of sample stars
The SAGA database provides the spatial distributions of sample stars, evaluated with the use of the spectroscopic distances (see Paper I). Figure 6 shows the distribution of sample stars along the Galactic coordinate, Z, perpendicular to the Galactic plane against the metallicity. There is a marked difference in the spatial distributions according to the metallicity. The sample stars spread over the whole Galactic halo through |Z| ≃ 15 kpc below [Fe/H] ≃ −2.2, while above it, they concentrate near the Galactic plane. The carbon-enhanced stars are observed all over the Galactic halo for slightly higher metallicity of [Fe/H] ≃ −2.0. These distinct distributions result from the target selections for the spectroscopic observations. We show the V magnitude distribution of sample stars in Figure 7 , which is bimodal with the peaks at V ≃ 8 -10 and V ≃ 13 -15 (see also Fig. 6 of Paper I). The fainter peak is composed of the stars from the works, which take the targets from HK and HES surveys in favor of stars in emp and ump divisions. On the other hand, the brighter peak is composed mostly of stars in vmp and mp divisions, taken from the works which observe nearby targets such as selected based on the kinematics. Figure 8 illustrates the variations of spatial distributions with the different metallicity divisons for the sample stars with the Zn abundances by the high-resolution spectroscopy. The distribution is narrow with the scaleheight of |Z| < ∼ 0.5 kpc in mp and vmp divisions, and extends nearly flat through ∼ 10 kpc in emp/ump divisions. In addition, for −2.6 ≤ [Fe/H] < −2.2, we see that stars with |Z| < ∼ 0.5 kpc stand out above the extended distribution; this concentrated component decreases relative to the extended component for lower metallicity and grows indiscernible for [Fe/H] < −3.1. The ratio of two components is subject to . Distribution of the Galactic coordinate, Z, perpendicular to the Galactic plane for all the sample stars with the abundances by high resolution spectroscopy of resolution R > 20, 000 in the SAGA database, plotted against the metallicity. In the legend, MP and EMP denote the stars of [Fe/H] > and ≤ −2.5 and RGB and MS denote giants with the surface gravity log g ≤ 3.5 and the effective temperature T eff ≤ 6000 K and other than giants, i.e., dwarfs and a very few blue HB stars, respectively, for the sample stars without the carbon enhancement. the selection bias of observed targets, as stated above, and yet, the presence of concentrated component in a part of emp division and its absence for still lower metallicity may reflect the actual distributions since the precise metallicity of these stars is known only after the high-dispersion spectroscopic observations. 2 stands out with nearly 3σ level for the distant subset but no sign for the nearby subset. In addition, for the distant subset, the lowest-metallicity break shifts to slightly lower metallicity than in Fig. 1 to be same as that of Co, as a result of removal of the nearby sample stars. This leads us a conjecture upon different spatial distributions for Pop IIa and Pop IIb, though the sample size is too small for the statistics.
As the dividing height increases, the trends change both in the nearby and distant subsets. For the nearby subsets, the mean enhancement in emp division augments and approaches the average of Pop IIb. Eventually, the break appears at Fig. 4 since all of the dwarfs in emp division fall below |Z| = 500 pc. The slight smaller break metallicity and mean enhancement in emp division for giants are also attributable to the fraction of the nearby giants which increases toward higher metallicity.
The above result urges us to reconsider the higher metallicity In this section, we have dealt with the Zn enrichment only. There are three more elements, C, Co, and possibly Sc, with the different average enhancements between Pops IIb and IIc. They lack sufficient abundance data for nearby stars in emp division, however. We should wait for future observations, in particular, such works covering a wide range of metallicity as done for Zn.
Connection to the kinematically resolved components
The Galactic halo is known to be kinematically complex and comprise of multiple components (e.g., Carney 1984; Chiba & Beers 2000; Lee et al. 2007; Miceli et al. 2008) . Recently, Carollo et al. (2010) derive the kinematic properties of the outer and inner halos (OH and IH), the metal-weak thick disk (MWTH), and the thick disk (TD) from the data of the Slone Digital Sky Survey. For the nearby sample stars, the kinematical data are given in the papers (Fulbright 2002; Stephens & Boesgaard 2002; Gratton et al. 2003; Ishigaki et al. 2010; Schuster et al. 2006 Schuster et al. , 2012 Silva et al. 2012) . We may use these data to discuss the relationship of the stellar populations, derived above, to the kinematically resolved components. Figure 10 shows the enhancement of Zn as a function of the maximum height, Zmax, of their orbits for 65 sample stars with the kinematic data available. For the stars in vmp/emp and mp divisions, the distributions of Zmax result similar with 77 and 71% stars below Zmax < 3 kpc, respectively. Their mean enhancements agree with the averages of Pop IIc and Pop IId within the errors, respectively. In adition, Zmax is available for 3 stars of Figure 11 . The distributions of rotation velocity, V φ , around the Galactic rotation axis for sample stars of |Z| < 1 kpc with the Zn and/or Mg abundances in mp and vmp/emp divisions, respectively. Thick and broken lines illustrate the Gaussian decomposition with the use of the kinematically resolved components, the outer halo (OH), the inner halo (IH), and the metal-weak thick disk (MWTD) by Carollo et al. (2010) .
as large as the Pop IIa average. For other elements (Mg, Si, Ca, Ti II and Ni), the distributions of Zmax are almost similar with ∼ 70% stars at Zmax < 3 kpc both for vmp and mp divisions. Figure 11 illustrates the distributions of rotation velocity, V φ , for the nearby sample stars of Pop IIc and Pop IId. Both populations display almost the same distributions with the peak, V φ = 2.7±9.1 and 32 ± 18 km sec −1 , and the standard deviation, σ = 120 and 115 km sec −1 , respectively. Slight shift of the peak is discernible but it reduces if we limit the metallicity range to [Fe/H] < −1.5. In this figure, we superpose the decompositions of V φ distributions into those of kinematically resolved components, taken from Carollo et al. (2010) . The contribution of the inner halo is overwhelming for both populations (62 and 65% for Pop IIc and Pop IId, respectively). The metal-weak thick disk increases the contribution with the metallicity (6 and 13%), while the thick disk makes negligible contribution. On the other hand, the contribution from the outer halo amounts relatively large for the both populations (32 and 22%), which forms a contrast to the argument by Carollo et al. (2010) that the IH component dominates over the OH components up to Zmax ≃ 10 -15 kpc. This may be attributable to the selection bias in our sample stars by the proper motion and/or radial velocity, which take up stars with kinematically larger deviations.
In summary, Pops IIc and IId are kinematically consecutive and largely overlap with the inner halo. On the other hand, judging from their extended spatial distributions, we may well consider Pops IIa and IIb belonging to the outer halo, whose metallicity distribution function peaks at [Fe/H] ≈ −2.2 (Carollo et al. 2007 ).
DISCUSSION: THE STAR FORMATION HISTORY
We have identified the four stellar populations among the low-mass stars in the Galactic halo, different not only in the metallicity and abundance pattern but also in the spatial distribution. Figure 12 illustrates their domains on the diagram of the metallicity and the height from the Galactic plane. Two lower-metallicity populations, IIa and IIb, spread over the halo and form the substructures of the outer halo. On the other hand, two higher-metallicity populations, IIc and IId, are kinematically consecutive and overlap the inner halo. In addition, two middle-metallicity populations, IIb and IIc, coexist in a wide range of metallicity, segregated by the spatial distributions. In this section, we discuss the origins and relationship of these stellar populations from the differences in the averaged abundance patterns and the spatial distributions.
The different patterns of average enhancements may stem from the dependences of supernova yields on the metallicity and mass of progenitors. The mass dependence of SN yields manifests itself through the initial mass function (IMF) of progenitors. The slope of IMF over the mass range of CCSNe affect the enhancement distribution, which may vary with the metallicity and also with the physical conditions of star forming sites. In addition, the averaged yields change with the elapsed time of star formation because of large difference in the evolutionary time to supernovae between CCSNe and Type Ia SNe, which introduces the timescale into the enrichment history and gives information on the star formation rate (SFR). The abundance patterns of stellar populations and their variations may, therefore, impose constraints not only on the supernova yields but also on the IMF and SFR of progenitors, through which we may gain an insight into the formation process of the Galactic halo. In the following, we start with the examination of the abundance patterns and advance to discuss the possible sites of these stellar populations during the Galaxy formation. , (1) where τ delay is the delay time for Type Ia SNe to dominate over the iron production: MFe and nCCSNe are the average iron yield of CCSNe and their number per unit mass incorporated into the stars at the formation. Here we take the delay time at τ delay = 1 Gyr and the mass range of CCSNe at M = 10 -50 M⊙. As for the IMF, we assume the Salpeter IMF with the lower mass limit M l ≃ 0.33 M⊙ (the dependence on M l is given by nCCSNe ∝ M l −0.35 ). For the Pop IIc population, therefore, the specific SFR is rather small, and comparable to the SFR (∼ 10 −10 yr −1 ) in the present Galaxy (e.g., the review by Kennicutt & Evans 2012) .
Transition between two higher-metallicity populations and the star formation rate
A peculiarity of this transition is that [X/Fe]m displays decrease only by ∼ 0.1 dex, however. It is in contrast to the contributions of Type Ia SNe in more metal-rich regime of [Fe/H] > −1 (e.g. see Tsujimoto et al. 1995) and in some of dwarf galaxies (Tolstoy et al. 2009 ), which reduce [α/Fe]m by several tenth dex down to the solar value or even below. This indicates either that the star formation of Pop IId is interrupted on the way of decreasing [X/Fe]m, or contrariwise that the specific SFR is sufficiently elevated. In the latter case, the yields of CCSNe overwhelm those from Type Ia SNe again to cease the decrease of [X/Fe]m or even switch to an upturn. In actuality, the thick disk is ascribed to the star burst, which are aged 12 -13 Gyr and raise the average metallicity up to [Fe/H] ≃ −0.6 (e.g., Fuhrmann 2011); the specific SFR is estimated to be larger by an order of magnitude
in the same way as above but with the metallicity, [Fe/H] peak,TD at which the iron-production by Type Ia SNe becomes important. It is likely that the star forming region of Pop IId is involved by such star bursts and/or affected by the yields produced by the latter CCSNe. This is beyond the scope of the SAGA database and needs more data of stellar populations of higher metallicity ranges. 
Transition between the lower-to higher-metallicity populations and change in the Initial Mass Function
Next we discuss the relationship between Pop IIb and Pop IIc. They are observed to reside together in a wide metallicity range of −2.6 < ∼ [Fe/H] < ∼ − 2.2, with distinct spatial distributions. Since the stellar evolution are basically determined by the mass and metallicity, we ought to interpret their different abundance patterns in terms of a change of IMF, coupled with the dependence of SN yields on the mass of progenitors. The discrepancies of mean enhancement are observed for Zn and Co, which are synthesized in the deepest shells during SN explosions as well as for C, which is formed during the quasi-static evolution and survived in the outermost part of core. It is argued that the yields of larger [Zn, Co/Fe] are ejected from hypernovae (HNe) with much greater explosion energies than normal CCSNe, which are expected for some of progenitors in upper mass range of CCSNe (Umeda & Nomoto 2005; Tominaga et al. 2007 ). For Pop IIb, therefore, the IMF should be top heavy with a shallower slope in the mass range of CCSNe as compared with that for Pop IIc.
For stars in emp/ump divisions, the high-mass IMF with typical mass ∼ 10 M⊙ is derived from the statistics of CEMP stars, and also from the scarcity of low-mass survivors in comparison with the iron production by SNe (Komiya et al. 2007 (Komiya et al. , 2009a . These conditions are related to the ratios between the low-mass stars and the intermediate-mass or massive stars. Figure 13 compares the spatial distributions along the height, |Z|, from the Galactic plane for the giants with and without the carbon enhancement in the emp division ([Fe/H] > −3.1). The spectroscopic observations of these two groups of stars are usually performed separately, so that their relative numbers may be subject to the selection bias of observed targets. And yet, the observed height distributions reflect the actual spatial distribution since the luminosity of giants varies greatly with the evolutionary stage and the distance can be known only after the determination of stellar parameters by the observations. In this figure, the fraction of CEMP stars increases with the height to be nearly constant for |Z| > 3 kpc. This is broadly consistent with the results by Carollo et al. (2012), who derive the global trend of CEMP star fraction increasing with |Z| for the sample stars of Sloan Digital Sky Survey. The results indicates larger fraction of CEMP stars for Pop IIb than for Pop IIc at the same metallicity range, which is explicable in terms of the change of IMF from a high-mass to low-mass one (Komiya et al. 2007; Suda et al. 2013) .
Accordingly, the IMF of Pop IIb has to be both high-mass and top-heavy from large low-mass cut-off and large fraction of more massive CCSNe, while for Pop IIc, the small fraction of CEMP stars and the contribution of Type Ia SNe indicate a low-mass IMF.
Transition between two lower-metallicity populations and the dilution of SN yields
Between Pop IIa and Pop IIb, the difference of mean enhancement is found only for Zn and Co, which is attributable to the difference in the contribution of HNe. For Pop IIa, lower metallicity demands greater dilution of the iron yield with the ambient gas than for Pop IIb before it is incorporated into succeeding star formation. If the first SN is HN in a halo of sufficiently small mass, on the other hand, it may occur that the gas of host halo is blown off with the yield because of much greater explosion energies and of the lack of metals as coolant in the ambient gas (e.g., Machida et al. 2005) . Then, the yield ejected from the host halo undergoes greater dilution than in the host halo by the inter-halo gas, and then, can be incorporated again into more massive halos that later collapse. In this case, the stars that form before the first SNe in the halos prepolluted with the blown-off yield should be of lower metallicity than the stars that form with the yields from the first SNe diluted within the host halos. We may conceive the origin of Pop IIa with the feedback of HNe in their host halos. In this connection, we note that the total sample stars in ump division remain about a half of those in emp division between −3.3 < [Fe/H] < −3.0, which is too small to regard Pop IIa as the precedent of all Pop IIb.
Two distinct modes of star formation and the sites
The present results demonstrate two globally different modes of star formation during the early stages of the Galactic formation, which are distinguished in the IMF and the spatial distribution of low-mass stars surviving to data as well as in the metallicity. One is for the lower-metallicity populations, IIa and IIb, which is characterized by high-mass and top-heavy IMF(s), and leaves behind their low-mass survivors, distributed all over the Galactic halo. The other is for the higher-metallicity populations, IIc and IId, which is characterized by low-mass IMF(s) and brings the low-mass survivors in a flattened distribution toward the Galactic plane. Although the change in IMF is usually discussed in relation to the difference in the metallicity, it is no longer applied in this case since the both modes are observed to work in parallel under the same metallicity. It is natural to consider the IMF change in relation to the structural variations during the Galaxy formation which may give rise to the distinct distributions of low-mass survivors.
In the framework of hierarchical structure formation of CDM scenario, we may conceive two different circumstances of star formation through the merger of halos. One is in the mini-halos and halos of smaller mass ends, where gas is collapsed with the dark matter and condensed in their central regions. The other is in preGalactic halo that grows sufficiently massive, in which gas, accreted and/or merged from other less massive halos, are condensed while moving in its larger gravity of the host halo. These two sites are expected to bring about the star formation under different conditions. In the former case, the star formation occurs under the self-gravity of gas, little influenced by the gravity of host halos. In the massive pre-Galactic halo, on the other hand, gas accumulated through accretion and merging is subject to the shear of differential rotation and/or the tidal distortions of the gravity of the host halo, so that gas clouds tend to be elongated or flattened to have disk-like structures. Accordingly, the fragmentation of gas clouds is postponed until a higher density is reached than in the halos of smaller masses, leading to low-mass IMF.
The following picture of star formation history in the early Universe emerges from our study. Pop IIa and Pop IIb stars are formed with a high-mass/top-heavy IMF in the host halos of relatively small masses, including the mini-halos first collapsed to birth stars; the low-mass stars, currently observed, are after birth accreted onto the Galaxy at the merger of their host halos. In this case, the low-mass stars are born mostly as the low-mass members of binary systems, and hence, their number is smaller in comparison with the iron produced by SNe. On the other hand, Pop IIc and Pop IId stars are formed with a low-mass IMF out of gas, accumulated and flattened by the gravity of pre-Galactic halo that has grown sufficiently strong through merger. The low-mass stars are formed in the flattened and/or disk-like orbits, although they may suffer from disturbances caused by the variations of rotation axis of pre-Galactic halo through the subsequent merging event(s). In this connection, it is worth noting the different trends in the velocity dispersions of halo stars around [Fe/H] ≃ −1.5; they remain essentially unchanged for lower metallicity, while monotonically decrease for higher metallicity with the border metallicity corresponding to the onset of formation of thick disk, as pointed out by Chiba & Beers (2000 , see also Carollo et al. 2010 ).
CONCLUSIONS
We have studied the detailed enrichment histories of individual elements, imprinted on the surface abundances of Galactic halo stars using a large sample stars of [Fe/H] ≤ −1, collected by the SAGA database (Suda et al. 2008 (Suda et al. , 2011 . We have explored the metallicity dependence and spatial variation of the mean enhancements relative to iron with the aid of Welch's t-test for nine elements with the sufficient data, carbon, α-elements (Mg, Si, Ca, and Ti), the oddatomic number element (Sc), and the iron-peak elements (Co, Ni, and Zn). We also discuss O, V, Cr and Mn, which are hard to draw statistically significant results because of discrepancies among the abundance data, in Appendix C. In the analysis, we give due attention to the selection biases and systematic errors possibly involved in the data assembled from different authors. In particular, we focus on the differential variations between the adjacent metallicity ranges in order to minimize these effects.
Our main conclusions are summarized as follows. (2) We identify four stellar populations, Pop IIa, Pop IIb, Pop IIc and Pop IId, which constitute dominant components in each metallicity range, divided by these breaks in order of increasing metallicity. They are characterized by the different abundance patterns, and in particular, we find one-to-one correspondence to the average enhancements of Zn and Co, though for the latter, the most metal-rich break has to be confirmed by future observations.
(3) There are also variations in the scatter of distributions of [X/Fe] among elements and for populations. The scatters little differ between Pop IId and Pop IIc despite the shift of average enhancement. It is as small as typical errors of observations for Ca and all heavier elements while much larger for the the lighter elements, C, Mg, and Si, studied. Between Pop IIb and Pop IIc, some correlation is discerned for the scatters to increase with the variation of mean enhancement.
(4) The Galactic halo stars, observed to date, are dichotomized by the spatial distributions along the vertical distance, Z, from the Galactic plane. Stars of two lower-metallicity Pops IIa and IIb spread out to |Z| ≃ 15 kpc or more, and stars of two highermetallicity Pops IIc and IId are flattened near the Galactic plane. In addition, we reveal that Pop IIb and Pop IIc coexist in the metallicity range of −2.6 < ∼ [Fe/H] < ∼ − 2.2, segregated spatially.
(5) The variations in the abundance patterns have different origins. The transition from Pop IIc to Pop IId is attributable to the delayed iron production by Type Ia SNe in the same star forming site. The significant contribution of Type Ia SNe implies a low-mass initial mass function (IMF), and also, places a constraint on the specific star formation rate, which is as small as that in the thin disk of the present day Galaxy. The difference between Pop IIb and Pop IIc is explicable in terms of the change in IMF, coupled with the mass dependence of SN yields, but not by the metallicity since they coexist over the wide metallicity range. For Pop IIb and also Pop IIa, the enhancement of Zn and Co, synthesized by HNe from massive progenitors, indicates high-mass and top-heavy IMF along with a large fraction of CEMP stars among them.
(6) The present result reveals two different modes of star formation during the early evolutionary stages of Galactic halos; one with a high mass and top heavy IMF, which leaves the low-mass survivors in an extended distribution, and the other with a low-mass IMF, which results in a flattened distributions of the low-mass survivors. In the context of hierarchical structure formation of CDM scenario, we may conceive of their sites as two different circumstances of star formation during the merger processes of halos. One is in the halos of smaller masses before the merging and/or disruption, where stars are formed of their own gas in the central regions. The other in the pre-Galactic halo, formed through the mergers, where stars are formed out of gas, accumulated through accretion and merger, while orbiting in the potential field of the host halo that has grown sufficiently strong. The different behavior of gas and stars during the merging process may give rise to the differences in the spatial distribution of low-mass stars survived to date.
In this paper, we have exploited the SAGA database and our study is restricted by the quality and size of assembled data. In particular, more data are necessary not only for [Fe/H] < −3.3 but also for [Fe/H] > −2 and |Z| > ∼ 3 kpc to inquire into the characteristics of lower-metallicity populations. It is desirable to advance and refine our results with unbiased and homogeneous data of larger sample stars, such as expected from upcoming surveys and follow-up spectroscopic observations by Gaia and TMT.
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APPENDIX A: OUTLIERS
We survey the outliers with the anomalous abundances beyond 3σ from the means for the sample stars. In our analyses, we also exclude blue metal-poor stars from Preston et al. (2000) since they are thought to suffer from mass transfer in binaries.
For the analyses of Mg and other α-elements, excluded are the following 10 stars, 9 stars with the anomalous abundances of Mg and a giant, HE1424-0241, very deficient in other α-elements in addition to the carbon-enhanced stars, discussed in § 2.1: [1,2] BS16934-002 and HD 29574; the former is deficient in neutron-capture elements Fulbright 2000) : [3-6] G251-24, deficient in Mg between −2.1 < [Fe/H] < −1.7 (Stephens & Boesgaard 2002; Ivans et al. 2003; Carreta et al. 2002) : G251-24 is deficient in all α-elements (Ermakov et al. 2002) and also in Ba (Stephens & Boesgaard 2002) : G4-36 and BD+80 245 are deficient in α-elements (Mg, Si, Ca) and neutron-capture elements (Sr, Y, and Ba), and the former exhibits the enhancement of ironpeak elements (Cr, Mn, Co, Ni, and Zn, James 2000; Carney et al. 1997; Ivans et al. 2003 ): G139-8 is known also as Li-deficient star (Norris et al. 1997 ) and deficient in both Ba and Sr (Elliott & Ryan 2005) .
[7] CS22169-035 with [Fe/H] = −3.04, deficient in Mg, Ca, Sc, and Ti as well as in Co, Ni and Zn (Cayrel et al. 2004) , which is a mixed star with [N/Fe] = 1.02 (Spite et al. 2005) .
[8] CS22873-139 with [Fe/H] = −3.40, poor in α-elements (Mg and Ca) and with very low abundance of Sr (Spite et al. 2000) .
[9] CS22952-015 with [Fe/H] = −3.42, deficient in α-elements (Mg, Ca, Ti), iron-peak elements (Cr, Mn, Ni) and neutron capture elements (Sr, Ba) (Cohen et al. 2007; Honda et al. 2004) , which is a mixed star with [N/Fe] = 1.31 (Spite et al. 2005) .
[10] HE1424-0241 with [Fe/H] = −3.87, very deficient in Si, Ca and Ti and neutron-capture elements while normal in Mg and rich in Mn and Co (Cohen et al. 2008) .
The similar deficiency in α-elements is also found for stars in dwarf spheroidal (dSph) galaxies (e.g., Tolstoy et al. 2009 ). The halo stars, G4-36 and BD+80 245, are suspected to be born in dwarf galaxies and deposited in the halo after the birth (e.g., Ivans et al. 2003; Klochkova et al. 2011; Venn et al. 2012) . A star, Car-612, in Carina dSph is shown to possess the low ratios of α and neutron capture elements to iron similar to the stars of Ivans et al. star (Venn et al. 2012) . This is suggestive of the same origin for G251-24 and G139-8.
For Si, we leave out CS22958-083 with an extraordinary high [Si/Fe] = 1.18 (Preston et al. 2006 ) in addition to the above outliers. Among the latter, BD+80 245 and HE1424-0241 show unusually low enhancement of [Si/Fe] = −0.11 (Ivans et al. 2003) and −1.0 (Cohen et al. 2007) For Sc, we exclude three stars, G4-36, BD+80 245, and CS30338-089, with [Sc/Fe] = −0.76, −0.42 and 1.26, respectively (Ivans et al. 2003; Aoki et al. 2007 ).
For the iron peak elements, we exclude G4-36 and BD+80 245 with unusually high and low enhancements, [Zn/Fe] = 1.00 and -0.42, respectively (Ivans et al. 2003 ). Figure B1 (left panel) shows the enrichment history of Si for the sample stars with the high resolution abundances. It displays the similar features to Mg and the downturn for higher metallicity across [Fe/H] ≃ −1.8 stands out by 2σ level, although a flat part below it is degraded by undulations. For the Si enhancement, however, decrease for higher effective temperature is reported among the metal-poor stars (Cayrel et al. 2004; Cohen et al. 2004; Lai et al. 2008; For et al. 2011); Preston et al. (2006) argue to neglect the abundance data of stars with T eff > 5800 K. Lai et al. (2008) . The latter sample stars reach down to [Si/H] ≃ −3.5 and form a downturn for the lowest metallicity, though the sample size is not enough for the statistics.
APPENDIX B: ENRICHMENT HISTORIES I: THE REST OF ELEMENTS STUDIED IN THE TEXT
B1 Silicon
B2 Calcium
The mean enhancement of Ca in Fig 1 (middle-left panel) shares the same features as Mg and Si; almost a flat distribution within ∼ 0.1 dex with the feature, centered at [Fe/H] ≃ −1.8. The statistical t-value gives the significance level of 2σ with a wider peak than Mg and Si, probably related to significantly smaller scatter of enhancements. There is a trend of decrease below [Fe/H] < ∼ − 3.3 with low statistical significance in common to Si.
B3 Titanium
For Ti, the discrepancy of abundances, measured by Ti I and Ti II lines, is reported (e.g., Johnson 2002; Ishigaki et al. 2010) as well as the dwarf/giant discrepancy. It is argued that the Ti I abundances are subject to larger NLTE effects and the Ti II abundances are safely used (e.g., Bergemann 2011). 
B4 Scandium
The scandium is one of the odd atomic-number elements that lie in the valley of the smallest abundances between the α-and iron-peak elements, together with vanadium, discussed in Appendix C.
The Sc abundances are derived from Sc II lines, which lie mostly in [Fe/H] < −2 (only 15 stars in the range of −2 ≤ [Fe/H] < −1). In Fig. 1 (middle-right panel) , we see a decline of mean enhancement toward higher metallicity between −2.2 < ∼ [Fe/H] < ∼ − 2.1 by ∆[Sc/Fe]ave = 0.07 ± 0.05. The statistical t-value also peaks there for the both bin widths, but barely misses the threshold of t2σ because of small sample number. Outside this break, the mean enhancement remains nearly flat, although the data are too sparse for higher metallicity.
The abundance data are taken mostly from the works, biased toward EMP stars (Cayrel et al. 2004; Cohen et al. 2004 Cohen et al. , 2006 Cohen et al. , 2008 
B5 Cobalt
The mean enrichment in Figure 1 (left-corner panel) displays an upward trend toward lower metallicity, as previously reported (Mcwilliam et al. 1995; Ryan et al. 1996; Primas et al. 2000; Johnson 2002; Cayrel et al. 2004; Takeda et al. 2005; Saito et al. 2009; Bergemann et al. 2010 For Co, the sample stars are mainly from the works in favor of EMP stars (Honda et al. 2004; Cayrel et al. 2004; Cohen et al. 2004; Aoki et al. 2005; Cohen et al. 2006 Cohen et al. , 2008 Lai et al. 2008; Bonifacio et al. 2009 ), while half of the data in mp/vmp divisions are from Johnson (2002) which covers [Fe/H] ≃ −3 -− 1.5. There are considerable differences in [Co/Fe]ave of emp division among these authors, ranging between [Co/Fe]ave = 0.14 ± 0.05 (Johnson 2002) and 0.29 ± 0.03 (Lai et al. 2008) for giants. For dwarfs, the averages are sill larger, ranging between 0.39 ± 0.03 (Bonifacio et al. 2009 ) and 0.50 ± 0.05 (Cohen et al. 2004) , which constitutes the dwarf/giant discrepancy (Bonifacio et al. 2009 ). For ump division, the average ranges from 0.40 ± 0.05 (Cayrel et al. 2004) , to 0.53 ± 0.10 (Bonifacio et al. 2009 ), which are also suspected of the dwarf/giant discrepancy.
As for the downturn across [Fe/H] ≃ −2.2, the data from Johnson (2002) and Preston et al. (2006) give ∆[Co/Fe]ave = 0.02 ± 0.12 and 0.11 ± 0.05 dex, respectively, which are consistent with the value in Table 2 within errors. This suggests that the break is not an artifact of systematic errors.
B6 Nickel
For Ni, Cayrel et al. (2004) and Jonsell et al. (2005) In Fig. 1 (bottom-middle panel) , the mean enhancement remains nearly flat within ∼ 0.1 dex for all the metallicity, and the Welch's t-test detects a break at [Fe/H] = −2.0 -−1.8 by more than the 2σ level. The trend agrees with α-elements. The enhancement of Ni, however, grows subsolar in mp division in contrast to α-elements, as pointed out by Stephens & Boesgaard (2002) . In addition, there is an upturn for [Fe/H] ≃ −1.4, for which the statistical t-value reaches close to 2 σ level. Such a trend is also discernible for some of α-elements.
The sample stars above [Fe/H] > ∼ − 2.2 mostly come from the works which are more or less evenly distributed in these metallicity range (Fulbright 2000; Johnson 2002; Stephens & Boesgaard 2002; Gratton et al. 2003) . Thus, it is unlikely that the selection bias and/or systematic errors among the data from the different authors are the cause of the feature of [Fe/H] ≃ −1.8. On the other hand, the sample stars of [Fe/H] < ∼ − 2.5 are mainly from the works biased for EMP stars (Cayrel et al. 2004; Cohen et al. 2004 Cohen et al. , 2006 Cohen et al. , 2008 Aoki et al. 2005; Honda et al. 2004; Lai et al. 2008) . Nevertheless, we hardly see any statistically significant variation around the joint metallicity of [Fe/H] ≃ −2.5 -−2.2. Small t-values of ∼ 1 or smaller implies that the systematic errors among the authors are, if present, as small as, or less than, the observed errors.
APPENDIX C: ENRICHMENT HISTORIES II: OTHER ELEMENTS
C1 Oxygen
For the oxygen abundance, three indicators of the forbidden [OI] lines, the OI triplet, and the OH lines are available. Figure C1 shows the enhancements, measured by these three lines separately for the sample stars without the carbon-enhanced stars. It is known that the LTE abundances from the different lines disagree for metal-poor stars (e.g., Fig. 1 of Fulbright & Johnson 2003) , and it is pointed out that the discrepancies reduce when the NLTE correction is applied (e.g., Gratton et al. 2000; Nissen et al. 2002) . Among them, the [OI] lines are argued as free from the NLTE effects and most reliable (e.g., Kiselman 2001; Fulbright & Johnson 2003) . Melendez et al. 2001; Lai et al. 2008; Israelian et al. 2001) , respectively, and a flat part in between.
Accordingly, we may infer the break between mp and vmp divisions and the absence of break of [Fe/H] ≃ −2.2, in accordance with the other α-elements, although a definitive conclusion waits for future observations with unbiased selections of target stars. It is pointed out, however, that the V I abundance is sensitive to the effective temperature (Ivans et al. 1999; Fulbright 2000) , and a clear distinction shows up between giants and HB stars with T eff ≃ 5300 K as a border, reaching to ∼ 0.4 dex for lower metallicity. If restricted to the giants (red line), the mean enhancement decreases accordingly, and yet, the upturn is discernible along with nearly constant [V I/Fe]m in the both sides. In addition, there is an upturn for [Fe/H] > ∼ −1.7 but with low statistical significance. For V II, on the other hand, the enhancements exhibit quite different behavior, but only for 45 stars are available mostly in [Fe/H] < ∼ − 2. They are larger by ∼ 0.2 dex or more than the V I enhancement of giants for [Fe/H] > −2.5.
Accordingly, it is hard to draw any statistically significant trend although there is a vague sign of similar behavior with Sc.
C3 Chromium and Manganese
For the both elements, marked differences are reported between the abundances, derived from the lines of different ionizations (e.g., Johnson 2002; Honda et al. 2004; Sobeck et al. 2007; Lai et al. 2008; Cohen et al. 2008; Bonifacio et al. 2009; Ishigaki et al. 2010) . Figure C2 compares the enrichment histories for the Cr I and Cr II abundances and for the Mn I and Mn II abundances, respectively.
The enhancements from Cr I and Cr II lines display distinct behaviors; for Cr I, the mean enhancement increases with the metallicity more or less steadily over the whole range, while it re- . This is thought to point to the non-LTE effects (e.g., Sobeck et al. 2007) and so the Cr II abundance to be more reliable (e.g., Bonifacio et al. 2009 ). For Cr II, the mean enrichment remains nearly flat with a slight change in the slope around [Fe/H] ≃ −1.9, although the Welch's t-test marks no significant differences partly because of large errors/scatters and of small sample size. For Mn, there is also a large discordance in Mn I and Mn II abundances, where [Mn I/Mn II] enlarges for lower metallicity, similar to Cr. Note that Cayrel et al. (2004) and some other authors add 0.4 dex to the Mn I abundance from the resonant triplet line, which makes the Mn I abundances suspect (Lai et al. 2008) . Different from Cr, however, the Mn II enhancements trace the trend of monotonic increase for higher metallicity, similarly to Mn I with an offset of 0.3 dex or more, although the data of Mn II abundances are too sparse to draw definite conclusions.
The discrepancies of abundances from lines of different ionizations make statistically significant conclusions difficult, and yet, Cr II and Mn II provide an indication of different behaviors between even and odd atomic number nuclei, i.e., a nearly flat distribution for Cr enhancement common with α-elements and Ni whereas a trend of enhancement increasing with the metallicity for Mn.
